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INTRODUCTION
Ubiquitin (Ub) is a 76-amino-acid protein that is highly conserved in yeast, plants and humans. It serves as a key post-translational modifier in all eukaryotes. Through the process of ubiquitination, Ubs are covalently conjugated to the e-amino groups of specific lysines in substrate proteins (Callis, 2014) . Ubiquitination modulates a variety of cellular processes largely dependent on modes of ubiquitination, Ub chain linkage types and Ub chain lengths. One major consequence of ubiquitination is targeting the modified proteins to the 26S proteosome for degradation. In addition, ubiquitination can modulate vesicle trafficking, subcellular protein localization and protein activity (Weissman, 2001; Vierstra, 2009; Haglund and Dikic, 2012; Komander and Rape, 2012) . In plants, ubiquitination is involved in modulating nearly all aspects of plant life, including cell division, plant growth and development, plant hormone signal transduction, and responses to both abiotic and biotic stresses (Sadanandom et al., 2012) . In Arabidopsis there are more than 1600 genes that encode proteins involved in the ubiquitination/26S proteasome system (UPS), which reflects the importance of ubiquitination in plants (Mazzucotelli et al., 2006) . Protein ubiquitination is catalyzed by three enzymes in a stepwise manner. In the presence of ATP, ubiquitin-activating enzyme, also called E1, catalyzes the formation of an E1-Ub intermediate in which the C-terminal glycine of Ub is linked to a conserved cysteine residue in E1 via a thioester bond. Then, the activated Ub is conjugated to a conserved cysteine in E2 (ubiquitin-conjugating enzyme) also via a thioester bond. An E3 ubiquitin ligase subsequently promotes the transfer of Ub from E2 to a specific target protein (Pickart, 2001; Sadanandom et al., 2012; Callis, 2014) .
There are diverse modes of ubiquitination, including mono-ubiquitination, multi-monoubiquitination and polyubiquitination, which lead the modified substrate proteins to various fates. Poly-ubiquitinations also differ in the types of linkage in the Ub chains (Komander and Rape, 2012) . A Ub harbors seven lysine residues (K6, K11, K27, K29, K33, K48 and K63), and the C-terminal glycine of a Ub can be linked to one of the seven lysine residues in the preceding Ub moiety; thus, Ub chains with diverse linkage types are formed. Ub chains with different linkages encode diverse signals. The K48-linked Ub chain (at least four Ub moieties) always serves as a signal for degradation of the target proteins by the 26S proteosome, whereas K63 Ub chains have non-proteolytic functions such as modulating vesicle trafficking and chromatin remodeling (Pickart and Fushman, 2004; Jin et al., 2008; Komander and Rape, 2012) . In plants, it has been reported that vacuolar sorting of PIN2 depends on its specific modification by K63-linked Ub chains (Leitner et al., 2012) .
The human genome contains one E1, 35 E2s and more than 600 E3s (Metzger et al., 2012) , whereas the Arabidopsis genome encodes two E1s, AtUBA1 and AtUBA2, at least 37 E2s, and more than 1400 E3 ubiquitin ligases (Vierstra, 2009) , reflecting the more complicated ubiquitination system of plants. Arabidopsis E2s fall into 14 groups . The substrate specificities of ubiquitination are mainly determined by the E3s. Based on their functional domains, the E3 ubiquitin ligases can be classified into four major families: RING (really interesting new gene), U-box, Cullin-RING ligase (CRL) and HECT (homology to E6-AP carboxy terminus) (Stone and Callis, 2007; Sadanandom et al., 2012) . The RING-type E3 ligases contain a RING domain that is responsible for interacting with E2-Ub intermediates. The RING domain is a region of about 40-60 amino acids rich in spatially conserved cysteine and histidine residues that coordinate two zinc (Zn) atoms. In Arabidopsis there are approximately 490 genes encoding proteins containing a RING domain; the two major canonical types of RING domain are C3H2C3 and C3HC4 Stone et al., 2005) .
E2s play key roles in Ub chain assembly and in determination of the lysine specificity of Ub chains (Ye and Rape, 2009; Sadowski et al., 2010; Middleton and Day, 2015; Hodge et al., 2016) . Thus, the concerted actions of the E2s and E3s determine the substrate specificities, the types of Ub modification and even the ubiquitination site(s) on the substrate proteins, resulting in different specificities and destinies of the target proteins (VanDemark et al., 2001; Petroski and Deshaies, 2005; Wickliffe et al., 2011; Suryadinata et al., 2013) .
To study plant protein ubiquitination, in vitro ubiquitination assays are always employed and have been demonstrated as one of the most important tools for testing the function of putative E3 ligases, substrate ubiquitination and Ub conjugation. Prior to setting up the in vitro ubiquitination assays, the recombinant proteins of ubiquitin, E1, E2, E3 and ubiquitination substrate proteins are purified separately, usually each from an individual prokaryotic expression system. The purified proteins need to stay in their active forms, then they are mixed together and incubated to allow the ubiquitination reaction to occur (Lu et al., 2011; Zhao et al., 2013) . However, the purification of recombinant proteins is not always an easy undertaking, especially for those proteins with low solubility or low expression levels.
Here, we reconstructed the Arabidopsis ubiquitination cascade in Escherichia coli using a synthetic biology approach. In this reconstituted system, plant proteins are expressed in the E. coli cells and their native states are maintained, then they immediately participate in ubiquitination reactions, which could result in high ubiquitination fidelity and assay efficiency. In this work, we used the Duet expression system and chose AtABI3, a regulator of ABA signaling, as a model substrate protein, and its cognate E3 ligase, AIP2, to evaluate this system. In addition, in this bacterial system we assessed a subset of Arabidopsis E2s in Ub chain formation by E2 conjugation assays. Our results demonstrated the efficiency and specificity of this system; thus, it can be used to screen for targets of E3 ligases or to study the ubiquitination of plant proteins in depth.
RESULTS

Reconstitution of the Arabidopsis ubiquitination cascade in E. coli
To reconstitute the Arabidopsis ubiquitination cascade in E. coli, genes encoding the proteins of the Arabidopsis ubiquitination machinery were cloned into various compatible Duet expression vectors and a pET expression vector, each with a distinct antibiotic resistance selectable marker. Ub is highly conserved in all eukaryotic species, and its amino acid sequence varies little among all higher plants (Sadanandom et al., 2012) . Arabidopsis UBQ10 (AT4G05320) encodes Ub polymers with six 228-bp coding regions concatenated in a head-to-tail manner (Smalle and Vierstra, 2004; Callis, 2014) . In this study, we subcloned one such 228-bp moiety from a plant expression vector into the pET-28a vector and fused it to hexahistidine (6 9 His) and FLAG tags at its N-terminus (Lu et al., 2011) . The amino acid sequence of the recombinant Ub was confirmed by mass spectrometry analysis of the trypsindigested peptides. We also cloned the genes encoding E1, E2s and E3s in either the pCDFDuet vector or pACYCDuet vector, both of which have two multiple cloning sites (MCSs). Furthermore, we introduced mutations in pCDFDuet and pACYCDuet to impair their original 6 9 His tags but maintained the 6 9 His tag only in pET-28a, thereby facilitating the purification of Ub-conjugated proteins for further study ( Figure 1a ).
Next we tested whether an Arabidopsis E1 has activity in this system. The Arabidopsis genome encodes two E1s, AtUBA1 and AtUBA2, which share 81% amino acid sequence identity. Both of them have E1 activity and show almost equal specificity in the transfer of activated Ub to a variety of Arabidopsis E2s (Hatfield et al., 1997) . Therefore, one of them, AtUBA1 (AT2G30110), was used as the E1 in this bacterial system. E1 can activate Ub through the formation of an E1-Ub intermediate in which the C-terminal glycine of Ub is linked to a conserved cysteine in E1 via a thioester bond. Therefore, this bond is sensitive to the thiol-reducing reagent dithiothreitol (DTT). To test the functionality of the bacterial system, the E. coli strain containing the plasmid pCDFDuet-AtUBA1-S (we placed AtUBA1 in the second MCS of a modified pCDFDuet vector and AtUBA1 was fused to an S-tag) and the plasmid pET-28a-FLAG-UBQ10 (harboring a single copy of the Ub coding region) was cultured and treated with isopropyl b-D-1-thiogalactopyranoside (IPTG) to induce recombinant protein expression ( Figure S1 in the Supporting Information). The crude proteins were either treated or not treated with DTT, separated by SDS-PAGE and analyzed by Western blotting using an anti-S-tag antibody. The results showed that an Ub-attached AtUBA1 was formed only when Ub was present. Upon treatment with DTT, Ub was released from E1, suggesting that a thioester bond is formed between E1 and Ub ( Figure S1 ). This also indicates that both AtUBA1 and AtUBQ10 are functional in this bacterial system. After Ub has been activated by E1, the active Ub is transferred to a conserved cysteine in an E2, and an E2-Ub intermediate is formed. The RING-finger domain of an E3 ligase interacts with the E2-Ub intermediate and transfers the Ub to potential substrates (Pickart, 2001; Sadanandom et al., 2012) . It has been demonstrated that most E3 ubiquitin ligases can undergo auto-ubiquitination when their specific substrate proteins are absent (Lorick et al., 1999; Zhao et al., 2013 ); thus, we tested the auto-ubiquitination activity of an E3 ligase to determine the functionality of this bacterial system. Because previous reports had found that most E3s tested were capable of forming poly-Ub chains with AtUBC8 or AtUBC10 Stone et al., 2005) , we chose AtUBC8 for this bacterial system. The RING finger-type E3 ligase AIP2 was shown to have auto- (a) Schematic representation of the plasmids used for AIP2 auto-ubiquitination in E. coli. The structures of pCDFDuet-AtUBA1-S, pACYCDuet-AIP2-Myc-AtUBC8-S and pET28a-FLAG-UBQ10 are shown. UBQ10 was FLAG-tagged at its N-terminus. AtUBA1 and AtUBC8 were S-tagged at their C-termini. AIP2 was Myc-tagged at its C-terminus. The E. coli BL21(DE3) strain was transformed with these constructs for reconstructing AIP2 auto-ubiquitination.
(b) Auto-ubiquitination of AIP2. Bacterial lysates from the E. coli strain expressing FLAG-UBQ10 together with AtUBA1-S, AtUBC8-S and AIP2-Myc or strains missing one of these components were separated by SDS-PAGE and analyzed by Western blotting with an anti-Myc antibody (upper panel) or an anti-FLAG antibody (lower panel).
(c) Auto-ubiquitination assay of an AIP2 mutant. An AIP2 mutant, in which the residues Cys230 and Cys231 of the RING domain were both replaced with Ser residues (C230S; C231S), was expressed together with FLAG-UBQ10, AtUBA1-S, and AtUBC8-S in the reconstituted system. [Color figure can be viewed at wileyonlinelibrary.com] ubiquitination activity by an in vitro ubiquitination assay (Zhang et al., 2005) . Thus, it was selected as a representative E3 ligase for studying the functionality of this bacterial system. We generated the construct pACYCDuet-AIP2-MycAtUBC8-S in addition to those mentioned above (Figure 1a) . The E. coli strain harboring AtUBA1-S, AtUBC8-S, FLAG-UBQ10 and AIP2-Myc was cultured and treated with IPTG to induce gene expression. The crude total proteins were separated by SDS-PAGE followed by Western blotting. The results showed that AIP2-Myc displayed a laddering pattern as detected with an anti-Myc antibody ( Figure 1b) . A laddering pattern was also observed using an anti-FLAG antibody to probe FLAG-Ub. These results suggest that AIP2 undergoes auto-ubiquitination. The auto-ubiquitination of AIP2 was only observed when all of the components were present. The absence of any one of these components resulted in an inability to achieve this patterning ( Figure 1b ). The ubiquitination pattern of AIP2 observed here was consistent with that which occurs in vitro (Zhang et al., 2005) , confirming the reliability of this reconstituted system. Because the RING domain contains cysteines for chelating two zinc atoms, the mutagenesis of these cysteine residues in an E3 always results in the loss of its function . To further confirm the occurrence of AIP2 ubiquitination in this bacterial system, we also assayed an AIP2 mutant in which the Cys230 and Cys231 residues of the RING domain were both replaced with Ser residues (C230S, C231S). The results
showed that the auto-ubiquitination activity of the mutant AIP2-C/S was abolished (Figure 1c ), which is consistent with the report by Zhang et al. (2005) .
Ubiquitination of ABI3 by AIP2 in the reconstituted system
To test whether this bacterial system could be used to analyze the ubiquitination of a substrate by its cognate E3 ligase, we used ABI3 that had been proven to be a substrate of AIP2 (Zhang et al., 2005) . ABI3 was fused to a maltose-binding protein (MBP) affinity tag at its N-terminus and a hemagglutinin (HA) tag at its C-terminus and the vector pCDFDuet-MBP-ABI3-HA-AtUBA1-S was generated, facilitating the purification and detection of the substrate protein ( Figure 2a ). We cultured the E. coli BL21 strain harboring MBP-ABI3-HA, AtUBA1-S, AIP2-Myc, AtUBC8-S and His-FLAG-UBQ10. After induction by IPTG, the ubiquitination of ABI3 was analyzed by Western blotting using an anti-HA antibody. The results showed that ABI3 displayed a laddering pattern, which is consistent with the report by Zhang et al. (2005) . As expected, ubiquitination of ABI3 was only observed when all components were present. The absence of any component resulted in a failure to detect ABI3 ubiquitination (Figure 2b ). To confirm that ABI3 ubiquitination is mediated by AIP2, we also tested the AIP2 functional mutant AIP2-C/S, as described above. The results showed that the AIP2 mutant failed to ubiquitinate ABI3, indicating that ABI3 ubiquitination is dependent on the presence of an intact RING motif (b) Ubiquitination of ABI3 by AIP2. The bacterial lysates from E. coli strains expressing AtUBA1-S, MBP-ABI3-HA, AtUBC8-S, His-FLAG-UBQ10 and AIP2-Myc, or strains missing one of these components, were analyzed by Western blotting with an anti-HA antibody to detect ABI3 ubiquitination. As controls, AIP2 activities were analyzed by Western blotting with an anti-Myc antibody. An anti-FLAG antibody was used to detect Ub conjugates. E1 and E2 were analyzed by Western blotting with an anti-S antibody. [Color figure can be viewed at wileyonlinelibrary.com] in AIP2 (Figure 3a) . To confirm that the ubiquitination was specific for ABI3, we generated two ABI3 truncations: ABI3DN and ABI3DC, as described by Zhang et al. (2005) . In our reconstituted system, AIP2 specifically modified ABI3DC but not the truncation of ABI3DN (Figure 3b ). These results suggested that the ubiquitination of ABI3 was specific and did not occur in the MBP affinity tag. To exclude the possibility that failure of ABI3DN to be ubiquitinated by AIP2 may simply be because it cannot interact with AIP2, we performed GST pull-down assays using the purified GST-AIP2 protein as a bait. Two prey proteins, ABI3DN-HA and ABI3DC-HA, were transiently expressed in Arabidopsis protoplasts. As shown in Figure S2 , GST-AIP2, but not GST, could pull down both ABI3DN-HA and ABI3DC-HA. Interestingly, the interaction between AIP2 and ABI3DN was even stronger than that of AIP2 and ABI3DC. This result is consistent with the findings of Zhang et al. (2005) , where MBP-AIP2 was used as a bait to pull down the purified 6 9 His-ABI3DN/DC protein.
Specificity and fidelity of the bacterial reconstituted system
In both humans and plants, a set of E3 ubiquitin ligases have been found to function specifically with their cognate E2s Van Wijk et al., 2009; Kar et al., 2012) . Therefore, we tested whether another E2, AtUBC18, could function in the AIP2-dependent ubiquitination of ABI3. MBP-ABI3-HA, AtUBA1-S, AIP2-Myc, AtUBC18-S and His-FLAG-UBQ10 were co-expressed in E. coli, and protein ubiquitination was analyzed. The results showed that the auto-ubiquitination activity of AIP2 with UBC18 was significantly less than that observed with UBC8 ( Figure 4a ). More strikingly, we found that ABI3 could not be ubiquitinated by AIP2 when UBC8 was replaced by UBC18 (Figure 4a ). AtUBC18 was functional in the bacterial system, as determined by the formation of Ub conjugates when expressed together with AtUBA1 in E. coli ( Figure S3 ). Taken together, these results suggest that AIP2 does not function well with UBC18, resulting in a lack of ABI3 ubiquitination by AIP2 with UBC18.
To determine the substrate specificity of AIP2 in this system, we examined whether other ABA signaling components, such as ABI1 and ABI5, could be ubiquitinated by AIP2. We found that ABI3, but not ABI1 or ABI5, could act as a substrate for AIP2 (Figure 4b ). This is also consistent with the findings of Zhang et al. (2005) ; they found that AIP2 could not ubiquitinate ABI5 in vitro. ABI3 contains a B3 domain, belonging to the LAV [LEAFY COTYLEDON2 (LEC2)-ABSCISIC ACID INSENSITIVE3 (ABI3)-VAL] family, which consists of two subgroups: the LEC2-ABI3 subgroup and the VAL subgroup. The LEC2-ABI3 subgroup encompasses three members, ABI3, LEC2 and FUSCA3 (FUS3) (Swaminathan et al., 2008) . To further evaluate the substrate specificity of AIP2 in this bacterial system, we examined whether LEC2 and FUS3 could be ubiquitinated by AIP2. As shown in Figure 4 (c), neither LEC2 nor FUS3 could serve as a substrate for AIP2, further demonstrating the specificity of this reconstituted system.
To further determine the fidelity and specificity of this system, we identified ubiquitination sites on ABI3 using mass spectrometry. MBP-ABI3DC-HA, AtUBA1-S, AIP2-Myc, AtUBC8-S and His-FLAG-UBQ10 were co-expressed in E. coli. Next, the MBP-ABI3DC-HA proteins were purified from E. coli and separated by SDS-PAGE and visualized by Coomassie Brilliant Blue staining. Then, the gel region containing the Ub-modified MBP-ABI3DC-HA was excised, digested with trypsin and analyzed by mass spectrometry ( Figure S4a ). Seven potential ubiquitination sites on ABI3DC were identified: K258, K272, K273, K287, K270, K291 and K295 (Figures S4b and S5) . Then, the lysine residues identified as the potential ubiquitination sites on ABI3DC were mutated to arginines and the ABI3DC-7K/7R mutant was generated. The ubiquitination assay of ABI3DC-7K/7R by AIP2 in association with UBC8 was performed in this reconstituted system. As shown in Figure S6(a) , ubiquitination of ABI3DC-7K/7R was significantly reduced compared with wild-type (WT) ABI3DC. However, whether substituting arginine for the seven lysine residues of ABI3 would perturb its degradation in vivo needs to be investigated in future work. Moreover, to rule out the possibility that the deficiency of ABI3DC-7K/7R ubiquitination by AIP2 is due to its inability to interact with AIP2, we performed GST pull-down assays using the purified GST-ABI3DC or GST-ABI3DC-7K/7R protein as bait. As shown in Figure S6 (b), MBP-AIP2-HA, but not MBP-GFP-HA, could be pulled down by either GST-ABI3DC or GST-ABI3DC-7K/7R but not by GST. Notably, the strength of interaction between AIP2 and ABI3DC was almost equal to that of AIP2 and ABI3DC-7K/7R.
The roles of E2s in Ub chain assembly
The Ub E3 ligase works in concert with an E2 to form Ub conjugates on substrates, and it has been reported that the E2s determine the lysine-linkage specificity of Ub chains and serve as the key mediators of Ub chain assembly (Ye and Rape, 2009; Sadowski et al., 2010; Middleton and Day, 2015; Hodge et al., 2016) . In humans, the E2 enzyme Cdc34 or E2-25K mediates the formation of poly-Ub chains conjugated via K48, whereas UBC13 with UEV forms K63 Ub chains (Suryadinata et al., 2013; Middleton and Day, 2015; Hodge et al., 2016) . In plants, an in vitro conjugation assay has indicated that AtUBC35, the homolog of human UBC13, also mediates the generation of Ub chains linked through K63 (Zhao et al., 2013) . However, the roles of most Arabidopsis E2s in Ub chain assembly are largely unknown. Therefore, we used this bacterial system to study the roles of various E2s in Ub chain assembly. The E. coli strains expressing AtUBA1 together with an E2 and UBQ10 or the Ub mutant (K48R or K63R) were cultured and treated with IPTG to induce protein expression (Figure 5a ). Then the Ub conjugates were analyzed by Western blotting using an anti-FLAG antibody. We first examined UBC7 and UBC13 that are from the same E2 subgroup. As shown in Figure 5 (b), UBC7 and UBC13 functioned similarly with each other in mediating Ub chain formation. When WT Ub or Ub-K63R was expressed, Ub chains with various numbers of Ubs were formed. However, when we used the mutant Ub-K48R, Ub chains could not be formed (Figure 5b ). These results suggest that both UBC7 and UBC13 mediate Ub chain formation through the K48 linkage.
It has been demonstrated that UBC8 is one of the most promiscuous plant E2s with respect to its association with E3s . Therefore, we also analyzed UBC8. As shown in Figure 5(c) , when different types of Ub (WT Ub, Ub-K63R and Ub-K48R) were used, the UBC8-mediated Ub conjugations were similar, suggesting that UBC8 may mediate the formation of Ub conjugates at both the K48 and K63 sites or at lysine sites other than K48 or K63 (Figure 5c ). In addition, we also found that UBC2 and UBC3 (from another E2 subgroup) mediated the formation of Ub conjugates in a manner similar to UBC8 (Figure 5c ).
UBC21 is an insoluble E2 when it is expressed in E. coli and the cultured insect cells, thereby impeding its functional study . Our bacterial system does not require purification of the E2 proteins; once a protein is expressed, it can immediately participate in ubiquitination reactions in the E. coli cells. Therefore we tested whether UBC21 can function in our bacterial system. As shown in Figure S7 , UBC21 readily mediates the formation of Ub conjugates. Interestingly, lower levels of Ub conjugates were observed with Ub-K48R or Ub-K63R than with WT Ub, suggesting that UBC21 may mediate Ub chain formation at both K63 and K48 ( Figure S7 ). In our bacterial ubiquitination system, we introduced mutations in pCDFDuet and pACYCDuet to impair their original 6 9 His tags but maintained the 6 9 His tag for the Ub in pET-28a, thereby facilitating the purification of Ub chains or Ub-conjugated proteins for further studies. To confirm the results of E2-mediated Ub conjugation, we purified the WT Ub conjugates mediated by both UBC7 and UBC13 using Ni 2+ -affinity matrices. Ub conjugates could be generated in large quantities by our bacterial system. For example, the yield of purified Ub conjugates formed by UBC13 was approximately 3 mg from 1 L of bacterial culture. The purified proteins were separated by SDS-PAGE, and the results showed that both UBC7 and UBC13 could form di-Ub (Ub 2 ), tri-Ub (Ub 3 ) or Ub chains with even more Ub moieties (Figure 6a ). To confirm the linkage type of Ub chains formed by UBC13, the protein gel band corresponding to Ub 2 chains was digested with trypsin and analyzed by mass spectrometry. As expected, the results showed that these Ub 2 chains formed by UBC13 were linked through K48 (Figure 6b) . Similarly, the Ub 2 chains formed by UBC7 in this bacterial system was also formed through K48 linkage, as analyzed by mass spectrometry ( Figure S8 ).
DISCUSSION
The signaling pathways in higher plants are intertwined and constitute signaling networks with a high degree of complexity, which poses a challenge for the analysis of individual signaling pathways or biochemical cascades as a whole (Jacobo-Vel azquez et al., 2015; Benning and Sweetlove, 2016; Braguy and Zurbriggen, 2016) . For example, there are many de-ubiquitinating enzymes in plant cells functioning to eliminate ubiquitination modification, which might impede the biochemical characterization of ubiquitinated proteins (Yan et al., 2000) . Synthetic biology applies basic engineering principles to construct synthetic biological modules and systems for both basic and applied research, thus allowing the reconstitution of the signaling cascades or biochemical pathways in lower organisms or in completely heterologous systems to avoid interference from the signaling or biochemical networks (Benning and Sweetlove, 2016; Braguy and Zurbriggen, 2016) . Escherichia coli is a well-characterized prokaryotic host, and a wide array of metabolic pathways for production of plantderived secondary metabolites, such as paclitaxel, artemisinin, reticuline and phenylpropanoids, have been reconstituted in this bacterial system (O'Connor, 2015) . Here, we presented our work on the reconstitution of the Arabidopsis ubiquitination cascade in E. coli. Although the human ubiquitination pathway has been reconstituted in E. coli (Keren-Kaplan et al., 2012), such a bacterial system has not been established for plant research. Plants have a large set of distinct, and probably more complicated, ubiquitination-related components. For example, the human genome contains approximately 600 E3 Ub ligases (Metzger et al., 2012) , whereas the Arabidopsis genome encodes more than 1400 E3 Ub ligases (Vierstra, 2009 ).
Our reconstituted system provides a platform with multiple advantages for studying plant ubiquitination. First, we can skip the tedious step of purifying plant ubiquitination components such as Ub, ubiquitination substrate proteins and E1, E2 and E3 enzymes prior to performing ubiquitination reactions. It could be especially beneficial for assaying proteins that are less soluble in bacteria or only expressed in small quantities in E. coli. It has been proven that UBC21 is an insoluble E2 when expressed in either E. coli or cultured insect cells, thereby preventing its functional assay . However, immediately after UBC21 is expressed in our bacterial system, it participates in Ub conjugation in the E. coli cells ( Figure S7 ). Second, this bacterial reconstituted system can generate Ub conjugates in large quantities. In the conjugation assay of UBC13, milligrams of Ub conjugates were produced from 1 L of bacterial culture, which is beneficial for the further analysis (Figure 6a ). Third, this bacterial system provides in vivo conditions for the ubiquitination reactions.
To evaluate the functionality of this bacterial system, we tested the ubiquitination of an ABA signaling mediator ABI3 by its cognate E3 ligase AIP2, where all of the ubiquitination cascade components were from plants ( Figure 2b) . Furthermore, we assessed the specificity and fidelity of ubiquitination in this bacterial system. AIP2 could specifically ubiquitinate ABI3DC but not ABI3DN, ABI1, ABI5, LEC2 or FUS3 (Figures 3b and 4b,c) . We also identified the potential ubiquitination sites on ABI3DC and generated the ABI3DC ubiquitination site mutant ABI3DC-7K/7R. Although the strength of the interaction between AIP2 and ABI3DC was almost equal to that of AIP2 and ABI3DC-7K/7R, the (a) The purification of UBC7-and UBC13-formed Ub conjugates. UBC7 or UBC13 was co-expressed with wild-type Ub. The Ub conjugates were purified using Ni 2+ -affinity matrices. The purified Ub conjugates were separated by SDS-PAGE and then stained with Coomassie Brilliant Blue. The positions of free Ub, di-Ub (Ub 2 ), and tri-Ub (Ub 3 ) are indicated. 'M' stands for the protein molecular weight marker. (b) Mass spectrometry analysis of Ub conjugates formed by UBC13. The Ub 2 chains formed by UBC13 were digested with trypsin and followed by mass spectrometry analysis.
ubiquitination of ABI3DC-7K/7R by AIP2 was much less than that of WT ABI3DC (Figures S4-S6 ). In addition, AIP2 auto-ubiquitination activity with UBC18 was significantly less than that observed with UBC8, and ABI3 was no longer ubiquitinated by its cognate E3 AIP2 when UBC8 was replaced with AtUBC18, suggesting the E2:E3 specificity of this system (Figure 4a ). Taken together, these results demonstrated specificity and fidelity of this reconstituted system. E2 mediates the assembly of Ub chains in animals (Ye and Rape, 2009; Sadowski et al., 2010; Middleton and Day, 2015; Hodge et al., 2016) . For Arabidopsis, UBC35 and UBC10 have been studied for their roles in Ub chain assembly by an in vitro method (Zhao et al., 2013) . Using our bacterial system, we analyzed the roles of a set of E2s, UBC13, UBC7, UBC2, UBC3, UBC21 and a promiscuous E2 UBC8, in mediating Ub chain assembly (Figures 5b, c and S7) . Furthermore, we performed mass spectrometry analysis for the Ub 2 chains generated by UBC13 and UBC7, respectively (Figures 6b and S8 ). Consistent with previous reports, distinct roles of various E2s in Ub chain assembly were also observed in this bacterial system (Suryadinata et al., 2013; Zhao et al., 2013; Middleton and Day, 2015; Hodge et al., 2016) . UBC13 and UBC7 mainly form Ub chains linked through K48. UBC8, UBC2 and UBC3 may form Ub chains at both the K48 and K63 sites or at lysine sites other than K48 or K63. In addition, multiple Ub conjugates with a very high molecular weight (approximately 130 kDa or even larger) were also generated by different E2s (Figures 5b,c and 6a ). As the Ub moiety was fused to the 6 9 His and FLAG tags at its N-terminus in this reconstituted system, the molecular weight of a His-FLAG-Ub moiety was approximately 12 kDa ( Figure 6a ). The Ub conjugates formed by E2s could be free Ub chains or E2s conjugated with Ub chains. If the Ub conjugates with a very high molecular weight were free Ub chains, the length of these chains could be more than 10 Ub moieties. These results suggest that complicated conjugations are formed by E2s, and these conjugations will need to be investigated further.
E2s play key roles in the determination of the lysine specificity of Ub chains (Ye and Rape, 2009; Sadowski et al., 2010; Middleton and Day, 2015; Hodge et al., 2016) . However, when an E2 enzyme is recruited by an E3 to its substrate, the E3 ligase could further enforce specificity on the E2 enzyme. Thus, it seems that E2 predetermines the set of possible lysine residues in ubiquitin from which the E3 could select (David et al., 2011) . In our work, we demonstrated that UBC8 might have broad lysine specificity and mediate the formation of Ub conjugates at both the K48 and K63 sites or at Lys other than K48 or K63 (Figure 5c ). On the other hand, it was found that AIP2 could promote the degradation of ABI3 through the ubiquitin-proteasome pathway (Zhang et al., 2005) . The canonical signal for proteosomal degradation is a K48-linked Ub chain; however, Ub chains with other linkages, such as the K11-linked Ub chains, have also been shown to be implicated in mediating proteosomal degradation (Jin et al., 2008; Komander and Rape, 2012) . When UBC8 is in association with AIP2, whether AIP2 can enhance the specificity of UBC8 and what type of Ub chains UBC8 assembles on ABI3 need to be determined in future work.
Because E2s play key roles in Ub chain assembly and determine the lysine specificity of the ubiquitin chains, in future studies examining protein ubiquitination identification of the ubiquitination-executing E3 ligase alone may be not enough; we may also need to identify its cognate E2 because the concerted action of E2s and E3s determines the types of Ub modification, substrate specificity and even ubiquitination site(s) on the substrate proteins, resulting in different specificities and fates of the target proteins.
EXPERIMENTAL PROCEDURES Plasmid construction
To reconstitute the plant ubiquitination cascade in E. coli, we employed two modified Duet expression vectors pCDFDuet ™ and pACYCDuet ™ (Novagen, Madison, WI, USA), which are designed for co-expression of two target genes from each Duet vector. The 6xHis tags in these two vectors were mutated. AtUBC2, AtUBC3, AtUBC7, AtUBC8, AtUBC13, AtUBC18, AtUBC21, AIP2, ABI3, ABI1, ABI5, LEC2 and FUS3 were amplified by RT-PCR from Arabidopsis total RNA. Then these cDNAs were cloned into a modified pCDFDuet ™ or pACYCDuet ™ vector. AtUBC2, AtUBC3, AtUBC7, AtUBC8, AtUBC13, AtUBC18, AtUBC21 and AIP2 were fused with a tag such as S or Myc at its C-terminus. ABI3, ABI1, ABI5, LEC2 and FUS3 were fused to a MBP affinity tag at its N-terminus and a HA tag at its C-terminus. The coding sequence of the N-terminal mutant of ABI3 (ABI3DC, amino acids 1-414) was amplified from the full-length ABI3 cDNA, and that of the ABI3 C-terminal mutant (ABI3DN, amino acids 439-720) was similarly amplified to obtain the last 282 amino acid residues (Zhang et al., 2005) . Then they were cloned into either the modified pCDFDuet ™ or a plant expression vector. AtUBQ10 was subcloned into the expression vector pET-28a from a plant expression vector and fused to the 6 9 His and FLAG tags at its N-terminus (Lu et al., 2011) . Constructs containing the Ub mutant forms (Ub-K48R and Ub-K63R), the AIP2 mutant (C230S;C231S) and the ABI3DC ubiquitination site mutant (ABI3DC-7K/7R) were produced using site-directed mutagenesis.
Full-length AIP2 was also subcloned into a GST fusion protein expression vector pGEX4T-1, or a modified MBP fusion protein expression vector pMAL-c2, where AIP2 was fused with a MBP affinity tag at its N-terminus and a HA tag at its C-terminus (Lu et al., 2010) . ABI3DC or ABI3DC-7K/7R was also subcloned into pGEX4T-1. All the primers are listed in Table S1 .
Protein expression and ubiquitination assay in E. coli Escherichia coli strain BL21 (DE3) containing different combinations of the above expression vectors was cultured in Luria-Bertani (LB) liquid medium at 37°C. The expression of target proteins was induced by the addition of 0.5 mM IPTG when the absorbance at 600 nm reached 0.4-0.6. After induction, the bacteria were further grown at 28°C for 10-12 h and then stored at 4°C overnight. Then, the crude protein extracts were separated by SDSpolyacrylamide gel electrophoresis (PAGE) and analyzed by Western blotting with the corresponding antibodies.
E2 conjugation assay in E. coli and purification of Ub conjugates
AtUBA1-S and His-FLAG-Ub or the Ub mutant K48R or K63R were co-expressed with various E2s in the E. coli strain BL21 (DE3). The expression of target proteins was induced by IPTG as described above. Ub conjugates were detected by Western blotting or purified using Ni 2+ -affinity matrices according to the manufacturer's instructions.
Recombinant protein purification, transient gene expression in Arabidopsis protoplasts and GST pull-down assay
For GST pull-down assay, GST, GST-ABI3DC, GST-ABI3DC-7K/R, GST-AIP2, MBP-GFP-HA and MBP-AIP2-HA were individually expressed in an E. coli strain BL21 and purified according to the manufacturer's instructions. ABI3DN-HA and ABI3DC-HA were transiently expressed in Arabidopsis protoplasts. Protoplast transfections were carried out as described (He et al., 2006) . To analyze protein-protein interactions, in vitro pull-down assays were conducted as described by Lin et al. (2014) . The recombinant MBP-AIP2-HA or the transiently expressed ABI3DN-HA and ABI3DC-HA were detected by Western blotting using an anti-HA antibody.
Mass spectrometry analysis
The purified Ub conjugates from the E2 conjugation assay in the reconstituted system were separated on a 12% SDS-PAGE gel with 20 lg of purified protein loaded per well. The purified MBP-ABI3DC-HA proteins from the ubiquitination assay were separated on a 7% SDS-PAGE gel. Coomassie Brilliant Blue-stained protein gel bands were subjected to mass spectrometry analysis by PTM BioLab (http://www.ptm-biolabs.cn). The gel bands were digested in the gel with trypsin. Gel pieces were digested with trypsin at 37°C overnight. Peptides were separated using a reverse-phase analytical column (Acclaim PepMap RSLC, Thermo Scientific, https://www.thermofisher.com/), and the resulting peptides were analyzed using a Q ExactiveTM hybrid quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific, https://www.thermofishe r.com/). The peptides were subjected to an NSI source followed by tandem mass spectrometry (MS/MS) using the Q ExactiveTM Mass Spectrometer (ThermoFisher Scientific). The resulting MS/ MS data were processed using the Mascot search engine (v.2.3.0). The mass error was set to 10 p.p.m. for precursor ions and 0.02 Da for fragment ions. GlyGly on lysine was specified as the variable modification. The peptide ion score was set to ≥20. Figure S1 . AtUBA1 had activity when co-expressed with ubiquitin in Escherichia coli. Figure S2 . The interaction between AIP2 and ABI3DN was stronger than that of AIP2 and ABI3DC. Figure S3 . The functionality of UBC18 is verified by the formation of ubiquitin conjugates. Figure S4 . Identification of ubiquitination sites on ABI3DC using mass spectrometry. Figure S5 . Representative MS/MS spectra of a peptide demonstrating ubiquitination at lysine 258 of ABI3. Figure S6 . Ubiquitination of ABI3DC-7K/7R by AIP2. Figure S7 . Conjugation assay of UBC21 in the reconstituted bacterial system. Figure S8 . Mass spectrometry analysis of di-ubiquitin formed by UBC7. Table S1 . List of primers.
